Abstract: Aspergillus ustus is a very common species in foods, soil and indoor environments. Based on chemical, molecular and morphological data, A. insuetus is separated from A. ustus and revived. A. insuetus differs from A. ustus in producing drimans and ophiobolin G and H and not producing ustic acid and austocystins. The molecular, physiological and morphological data also indicated that another species, A. keveii sp. nov. is closely related but distinct from A. insuetus. Aspergillus section Usti sensu stricto includes 8 species : A. ustus, A. puniceus, A. granulosus, A. pseudodeflectus, A. calidoustus, A. insuetus and A. keveii 
INTRODUCTION
Aspergillus ustus is a very common filamentous fungus found in foods, soil and indoor air environments (Samson et al. 2002) . This species is considered as a rare human pathogen that can cause invasive infection in immunocompromised hosts. However, A. ustus has been noted increasingly as causes of invasive aspergillosis in tertiary care centres in the US (Malani & Kaufman 2007) . Up to date, 22 invasive aspergillosis cases have been reported to be caused by A. ustus (Verweij et al. 1999; Pavie et al. 2005; Panackal et al. 2006; Yildiran et al. 2006) . Several studies indicate that A. ustus isolates are resistant to amphotericin B, echinocandins and azole derivatives (Verweij et al. 1999; Pavie et al. 2005; Gene et al. 2001; Garcia-Martos et al. 2005) . Other species related to A. ustus can also cause human or animal infections. Aspergillus granulosus was found to cause disseminated infection in a cardiac transplant patient (Fakih et al. 1995) , while A. deflectus has been reported to cause disseminated mycosis in dogs (Robinson et al. 2000; Kahler et al. 1990; Jang et al. 1986) .
A. ustus is a variable species. Raper & Fennell (1965) stated that "not a single strain can be cited as wholly representative of the species as described". Indeed, A. ustus isolates may vary in their colony colour from mud brown to slate grey, with colony reverse colours from uncoloured through yellow to dark brown (Raper & Fennell 1965; Kozakiewicz 1989) . Molecular data also indicate that this species is highly variable; RAPD analysis carried out in various laboratories could be used to detect clustering of the isolates (Rath et al. 2002; Panackal et al. 2006) , and sequence analysis of parts of the ribosomal RNA gene cluster also detected variability within this species (Henry et al. 2000; Peterson 2000; Hinrikson et al. 2005) .
We examined a large set of A. ustus isolates and related species originating from environmental and clinical sources to clarify the taxonomic status of the species, and to clarify the taxonomy of Aspergillus section Usti. The methods used include sequence analysis of the ITS region (intergenic spacer region and the 5.8 S rRNA gene of the rRNA gene cluster), and parts of the β-tubulin, calmodulin and actin genes, analysis of extrolite profiles, and macro-and micromorphological analysis of the isolates.
MATERIALS AND METHODS
Morphological examination. The strains examined are listed in Table 1 . Both clinical and environmental strains were grown as 3-point inoculations on Czapek yeast agar (CYA), malt extract agar (MEA), creatine agar (CREA) and yeast extract sucrose agar (YES) at 25 °C, and on CYA at 37 °C for 7 d (medium compositions according to Samson et al. 2004) . For micro morphological examination light microscopy (Olympus BH2 and Zeiss Axioskop 2 Plus) was employed.
Extrolite analysis. Extrolites were analysed by HPLC using alkylphenone retention indices and diode array UV-VIS detection as described by Frisvad & Thrane (1987) , with minor modifications as described by Smedsgaard (1997) . Standards of ochratoxin A and B, aflavinine, asperazine, austamide, austdiol, kotanin and other extrolites from the collection at Biocentrum-DTU were used to compare with the extrolites from the species under study.
Isolation and analysis of nucleic acids. The cultures used for the molecular studies were grown on malt peptone (MP) broth using 10 % (v/v) of malt extract (Brix 10) and 0.1 % (w/v) bacto peptone (Difco), 2 mL of medium in 15 mL tubes. The cultures were incubated at 25 °C for 7 d. DNA was extracted from the cells using the Masterpure™ yeast DNA purification kit (Epicentre Biotechnol.) according to the instructions of the manufacturer. Fragments containing the ITS region were amplified using primers ITS1 and ITS4 as described previously (White et al. 1990) . Amplification of part of the β-tubulin gene was performed using the primers Bt2a and Bt2b (Glass 1995) . Amplifications of the partial calmodulin and actin genes were set up as described previously (Hong et al. 2005) . Sequence analysis was performed with the Big Dye Terminator PolyPHaSic taxonoMy of aspergillus Section usti (Verweij et al. 1999) Cycle Sequencing Ready Reaction Kit for both strands, and the sequences were aligned with the MT Navigator software (Applied Biosystems). All the sequencing reactions were purified by gel filtration through Sephadex G-50 (Amersham Pharmacia Biotech, Piscataway, NJ) equilibrated in double-distilled water and analyzed on the ABI PRISM 310 Genetic Analyzer (Applied Biosystems).
Data analysis. The sequence data was optimised using the software package Seqman from DNAStar Inc. Sequence alignments were performed by using CLUSTAL-X ( Thompson et al. 1997 ) and improved manually. The neighbour-joining (NJ) method was used for the phylogenetic analysis. For NJ analysis, the data were first analysed using the Tamura-Nei parameter distance calculation model with gamma-distributed substitution rates (Tamura & Nei 1993) , which were then used to construct the NJ tree with MEGA v. 3.1 (Kumar et al. 2004) . To determine the support for each clade, a bootstrap analysis was performed with 1000 replications. For parsimony analysis, the PAUP v. 4.0 software was used (Swofford 2000) . Alignment gaps were treated as a fifth character state and all characters were unordered and of equal weight. Maximum parsimony analysis was performed for all data sets using the heuristic search option with 100 random taxa additions and tree bisection and reconstruction (TBR) as the branch-swapping algorithm. Branches of zero length were collapsed and all multiple, equally parsimonious trees were saved. The robustness of the trees obtained was evaluated by 1000 bootstrap replications (Hillis & Bull 1993 ). An Aspergillus versicolor isolate was used as outgroup in these experiments. Unique sequences of the ITS, actin, calmodulin and β-tubulin gene sequences have been deposited in the GenBank under accession numbers EU076344-EU76377.
RESULTS

Phylogenetic analyses
For the molecular analysis, four genomic regions, the ITS region, and parts of the actin, calmodulin and β-tubulin genes were amplified and sequenced. Phylogenetic analysis of the data was carried out using the neighbour-joining technique and parsimony analysis. The trees obtained by the different approaches were identical, neighbourjoining trees based on the different data sets are shown in Figs 1-4. During analysis of part of the β-tubulin gene, 487 characters were analyzed, 111 of which were found to be parsimony informative. The topology of the tree is the same as that of one of the more than 10 4 maximum parsimony trees constructed by the PAUP program (length: 216 steps, consistency index: 0.8148, retention index: 0.9679). The calmodulin data set included 474 characters, with 172 parsimony informative characters (1 MP tree, tree length: 360, consistency index: 0.8083, retention index: 0.9550). The actin data set included 406 characters, with 161 parsimony informative characters (3 MP trees, tree length: 292, consistency index: 0.8870, retention index: 0.9633). The ITS data set included 482 characters, 26 of which were parsimony informative (>10 4 MP trees, tree length: 71, consistency index: 0.9155, retention index: 0.9781).
Molecular data revealed that Aspergillus section Usti consists of eight species : A. ustus, A. puniceus, A. granulosus, A. pseudodeflectus, A. calidoustus, A. insuetus and a new species including CBS 209.92 and some other isolates. We propose the name A. keveii sp. nov. for this set of isolates. The trees based on ITS, calmodulin and β-tubulin sequence data indicated that also E. heterothallica belongs to this section, although actin sequence data did not support this finding. 
Morphological and physiological studies
Phenotypic comparison of the different members of the section Usti showed that eight taxa could be distinguished. Various characters showed to be valuable for differentiation (see also Table 2 ). One of the main criteria is the growth rate on CYA at 37 °C. A. calidoustus, A. pseudodeflectus and A. granulosus had high growth rates at this temperature, while E. heterothallica only grew restrictedly. The other members of this section were unable to grow at 37 °C, which reduces the potential of these species to become opportunistic human pathogens. The growth rate and the mycelium colour on creatin agar (CREA) also proved to be a good tool to differentiate between the species examined. Some species, like A. ustus, A. puniceus, A. insuetus and A. keveii have a good growth on this medium. Since sporulation on this medium is often inhibited, this medium was also useful to determine the colour of the mycelium. The colours varied from bright yellow by A. puniceus and E. heterothallica to faint yellow in A. ustus to colourless in the other species. Another useful character was the use of the Ehrlich test to detect the presence of indol metabolites. This feature gave, with the exception of A. keveii, very clear-cut results. Besides these features, the colony diam on YES was also suitable to differentiate between A. insuetus and the other species.
Extrolite profiles
Aspergillus ustus has been claimed to produce a range of extrolites including austdiol , Austin (Chexal et al. 1976 ), austocystins Kfir et al. 1986 ), brevianamide A (Steyn 1973) , sterigmatocystin (Rabie et al. 1977) , austalides (de Jesus et al. 1987) , austamide (Steyn 1971) , dehydroaustin (Scott et al. 1986 ), pergillin (Cutler et al. 1980) , dehydropergillin (Cutler et al. 1981) , phenylahistin (Kanoh et al. 1997) , ophiobolins G & H (Cutler et al. 1984) , drimans (Hayes et al. 1996) , diacetoxyscirpenol (Tuomi et al. 2000) and ustic acid (Raistrick & Strickings 1951) .
The mycotoxins and other extrolites found to be produced by the examined species in this study are listed in Table 3 . Species assigned to section Usti could clearly be divided in three chemical groups based on the extrolites produced by them. A. ustus, A. granulosus and A. puniceus produced ustic acids in common. A. ustus and A. puniceus also produced austocystins and versicolorins. In the second chemical group, A. pseudodeflectus produced drimans (Hayes et al. 1996) in common with the other species in this group, and also several unique unknown compounds. A. calidoustus isolates produced drimans and ophiobolins in common with A. insuetus and A. keveii, but also produced austins not identified in other species of section Usti. A. insuetus isolates also produced pergillin, while A. keveii together with some other isolates produced nidulol. In the third chemical group, E. heterothallica has been reported to produce emethallicins A-F (Kawahara et al. 1989 (Kawahara et al. , 1990a (Kawahara et al. , 1990b , 5"-hydroxyaveranthin (Yabe et al. 1991) , emeheterone (Kawahara et al. 1988) , emesterones A & B (Hosoe et al. 1998) , 5"-hydroxyaveranthin (Yabe et al. 1991) , Mer-NF8054X (Mizuno et al. 1995) . This latter compound is an 18,22-cyclosterol derivative, and was also identified in an A. ustus isolate (Mizuno et al. 1995) . Apart from this chemical similarity Emericella heterothallica appear to be quite different from the anamorphic species in section Usti, in agreement with actin sequencing data. Austamide, deoxybrevianamide E and austdiol could not be detected in any of the strains examined here and the strain producing these mycotoxins should be reexamined.
Comparing the extrolites profiles of section Usti with other sections within subgenus Nidulantes, nidulol and versicolorins are also produced by members of sections Versicolores and Nidulantes (Cole & Schweikert 2003) . Interestingly, versicolorins and 5"-hydroxyaveranthin are intermediates of the aflatoxin biosynthetic pathway and also produced by species assigned to Aspergillus section Flavi and Ochraceorosei (Yabe et al. 1991; . However, while the versicolorins are precursors of sterigmatocystin in section Ochraceorosei, Versicolores and Nidulantes, they are precursors of austocystins in section Usti.
Section Usti contains the only Aspergillus species known to produce pergillins, ophiobolins, austins, austocystins, ustic acids, drimans, Mer-NF8054X, austalides, deoxybrevianamides and austamide and thus this section is chemically unique. We have not examined the species for production of emethallicins, emesterones and emeheterones, as standards of these compounds were not available. Raper and Fennell (1965) classified A. ustus in the Aspergillus ustus group together with four other species: A. panamensis, A. puniceus, A. conjunctus and A. deflectus. Later, Kozakiewicz (1989) revised the taxonomy of the group, and included A. ustus, Thom & Church (1926) based on Sterigmatocystis usta Bainier. In this manual, A. insuetus (Bainier) Thom & Church was also accepted based on S. insueta Bainier (Thom & Chuch, 1926) , but later A. insuetus was abandoned (Thom and Raper, 1945) and included in the broad description of A. ustus in Raper and Fennell (1965) . Our studies clarified that A. insuetus is a valid species which can be distinguished from A. ustus and other species assigned to Aspergillus section Usti. A. insuetus could be separated from the other members of the section Usti by various phenotypic characters. The most important one is the slower growth rate on YES agar and clear differences in extrolite profiles (Table 2) . This finding was supported by all the different data sets used to characterise section Usti. The molecular data showed that this species is more related to A. calidoustus and A. pseudodeflectus than A. ustus. Also different extrolite patterns were observed. There were many differences between A. ustus and A. insuetus, and, like the molecular data, this species was mostly related to A. calidoustus and A. pseudodeflectus. The main difference between the latter species was the production of a pergillin-like compound by A. insuetus (Table 3) .
DISCUSSION
Our polyphasic taxonomic approach revealed that Aspergillus section Usti includes eight species : A. ustus, A. puniceus, A. granulosus, A. pseudodeflectus, A. calidoustus, A. insuetus and A. keveii sp. nov. The phylogenetic trees based on ITS, calmodulin and β-tubulin sequence data indicated that E. heterothallica also belongs to this section. This species has similar morphology of the conidiophores and Hülle cells. In our study we were not able to observe ascospores by crossing the two mating strains but these are described by Raper and Fennell (1965: 502-503) . Extrolites: Found in this study: Sterigmatocystin, versicolorins, Mer-NF8054X. Literature data: emethallicins A-F (Kawahara et al. 1989 (Kawahara et al. , 1990a , 5"-hydroxyaveranthin (Yabe et al. 1991) , emeheterone (Kawahara et al. 1988) , emesterones A & B (Hosoe et al. 1998) , 5"-hydroxyaveranthin (Yabe et al. 1991) , Mer-NF8054X (Mizuno et al. 1995) .
Pathogenicity: not reported 
